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Wound closure following injury to the skin is a com-
plex process involving both dermal contraction and
keratinocyte migration. Murine models of wound
healing are potentially useful because of the ability to
determine protein function through gene manipula-
tion. Owing to the dominant role of dermal contrac-
tion, the technical dif®culties in preparing the wound
site for morphologic studies, and the postnatal pheno-
types altering the properties of transgenic skin, there
are dif®culties in assessing the epithelial contribution
to wound closure in mouse skin. We describe a simple
ex vivo assay utilizing explant culture that enables a
quantitative assessment of the potential of mouse
keratinocytes for wound epithelialization. In this
assay, the behavior and properties of skin keratino-
cytes mimic well those that occur at the edge of skin
wounds in situ, including a dependence upon con-
nective tissue element(s), proliferation, and migra-
tion. The epithelial cell outgrowths emerging from
skin explants can be studied in real-time or examined
at speci®c time-points for markers of interest in the
epithelialization process. The assay is quantitative and
can successfully detect increases or decreases in
epithelialization potential, and can be useful in the
characterization of transgenic mouse models. Key
words: epithelialization/keratin/migration/skin/transgenic
mouse/wound repair. J Invest Dermatol 118:866±870, 2002
I
n vertebrates the epithelial lining of the skin provides a
crucial barrier between the environment and internal
structures. The consequences of loss of barrier function are
severe and potentially lethal, and include ¯uid loss and
infection (Erdlandsen and Magney, 1992). Therefore, the
healing of skin wounds represents a vital homeostatic response
(Bereiter-Hahn, 1986). Both the contraction of ®broblasts in the
dermis and the migration of keratinocytes from the epidermis play a
part in wound closure (Clark, 1993; Grinnell, 1994; Martin, 1997).
The formation of a new strati®ed layer of epidermis over the lesion
begins as keratinocytes located proximal to the wound undergo an
activation phase and thereafter migrate into the wound site
(Coulombe, 1997). Wound epithelialization has been studied using
a variety of morphologic assays, including electron microscopy and
histology (e.g., Odland and Ross, 1968; Croft and Tarin, 1970;
Tarin and Croft, 1970), which involve tissue ®xation and
sectioning, and wound tracing, which is less disruptive in its
attempt to monitor the closure process. Such methods have been
used to demonstrate that knockout or transgenic mice have
impaired (Di Colandrea et al, 1998) or accelerated (Mellin et al,
1995) wound healing (cf. http://www1.cell.biol.ethz.ch/members/
grose/woundtransgenic/home.html).
The study of the speci®c contribution of epithelial migration to
wound closure in rodent skin is hampered by two main factors.
First, dermis-mediated contraction of the wound bed makes a
dominant contribution to wound closure (Cohen and Mast, 1990).
Second, it is dif®cult to preserve the integrity of the wound site
for the purpose of morphologic studies ± notably, the epithelial
attachment to the connective tissue matrix is fragile (Wawersik et al,
2001). As an added complication, gene manipulation often alters
the basic biology of skin tissue, creating dif®culties in devising
appropriate controls. We have adapted a simple ex vivo assay, which
enables a quantitative assessment of the epithelialization potential of
mouse skin keratinocytes. Here, we describe and validate this assay
and provide evidence that it can be used to detect changes in the
epithelialization behavior of transgenic mouse skin keratinocytes.
MATERIALS AND METHODS
Mouse lines All protocols involving mice were approved by the Johns
Hopkins University Animal Care and Use Committee (Baltimore, MD).
B6C3F1 mice were obtained from NCI (Bethesda, MD) and mated.
Two day old offspring were used unless speci®ed otherwise. Transgenic
mice were generated by pronuclear injection (Hogan, 1994) of various
DNA constructs into B6C3F1 mice. The KT1±5m and KT1±1p
(Takahashi and Coulombe, 1996, 1997) transgenic lines harbor a
construct that incorporates the 5¢ upstream sequence of the human
KRT6A gene, a lacZ reporter gene featuring a nuclear localization signal,
and a polyadenylation signal. Fourteen week old wild-type (C57BL6J) or
obese (B6.V-Lepob) mice were obtained from Jackson Laboratories (Bar
Harbor, ME).
Reagents Rabbit polyclonal antibody to keratin 17 (K17) was
described (McGowan and Coulombe, 1998) and mouse monoclonal
antibody to 5-bromo-2¢-deoxyuridine (BrdU) was obtained from Sigma
(St Louis, MO). 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-gal) was purchased from Denville Scienti®c (Metuchen, NJ). Medium
was prepared as described in Rouabhia et al (1993), and medium without
carbonate was prepared as follows: Dulbecco's minimal Eagle's medium
(catalog no. 12800017, Invitrogen, Carlsbad, CA) was mixed with
Dulbecco's minimal Eagle's medium/F12 1:1 (v/v) mixture (catalog no.
12400024, Invitrogen) to prepare 2 liters and then adjusted to pH 7.2
with sodium hydroxide. Then, 450 ml of this solution was supplemented
with 50 ml fetal bovine serum (Bio Whittaker, Walkersville, MD),
cholera toxin (0.1 nM), epidermal growth factor (10 ng per ml), T3
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(2 nM), transferrin (5 mg per ml), insulin (5 mg per ml), hydrocortisone
(0.4 mg per ml), penicillin (60 mg per ml), and gentamicin (25 mg per
ml) (all from Sigma) and ®ltered prior to use.
Preparation of explants Two day old pups were decapitated, washed
with 10% povidone-iodine solution, double-distilled water and 70%
ethanol. In a tissue culture hood, the limbs were removed and a full-
thickness incision was made anterior to posterior along the ventral surface
(Fig 1a). The skin was then peeled away with forceps (Fig 1b) and laid
¯at in a sterile Petri dish (Fig 1c), dermis side down. A 4 mm sterile
punch (Acuderm, Fort Lauderdale, FL) was used to remove six explants
(Fig 1d) from each pup and these were individually placed into the wells
(Fig 1e) of a 24-well untreated tissue culture dish (Falcon, Becton
Dickinson, Franklin Lakes, NJ). After waiting 5 min for the skin to adhere
to the plate, 200 ml medium was added, and the plates were incubated at
37°C, 5% CO2 (day 0). On day 1, the explants were submerged by adding
» 1.5 ml of medium to each well (Fig 1f). Medium was replaced every 2±
3 d thereafter. When adult skin was used, approximately 4 cm 3 4 cm of
the dorsal skin was shaved using a commercial shaver (Oster,
McMinnville, TN). Then, the entire decapitated body was washed with
10% povidone-iodine solution, double-distilled water, and 70% ethanol in
order to reduce contaminants, and the shaved skin was removed. Once
this piece of skin was laid ¯at in a Petri dish, the procedure was continued
as described above. To prepare explants without the dermis, the skin was
peeled off the pup and ¯oated on 0.25% trypsin (Invitrogen) for 5 h at
4°C. After the dermis was removed, the epidermis was washed in
medium, cut with a sterile, 4 mm punch biopsy and then treated as the
full-thickness explants described above.
Primary culture Mouse skin keratinocytes from KT1±5m and KT1±
1p transgenic pups were placed into primary culture as described in
Rouabhia et al (1993). Some cultures were ®xed after 3 d, whereas
others were grown to con¯uence. For scrape wounding studies,
con¯uent cell layers were scraped with a pipette tip and ®xed 24 h later.
Analyzing keratinocyte outgrowth from skin explants To assess
keratinocyte outgrowth as a function of time in culture, explants were
prepared, as described above, except those used for a time-lapse movie
were placed into 35 mm tissue culture dishes (Corning/Costar,
Cambridge, MA). On days 2 and 6, the dishes to be used for time-lapse
phase microscopy were washed with medium without carbonate. Then,
the explants were allowed to equilibrate in this medium for 3±7 h before
®lming began. A stage warmer (Harvard Apparatus, Holliston, MA) was
used with an Axiovert 135 TV microscope (Zeiss, Thornwood, NY) and
phase contrast digital images were collected every 5 min for 15:10 h
with a Photometrics CoolSnap HQ digital camera (Roper Scienti®c,
Tucson, AZ). Ultraviolet and infra-red cut ®lters were used to avoid
damage to the cells, and the medium was overlaid with mineral oil
(Sigma) to prevent evaporation. IPLab v3.5 software (Scanalytics, Fairfax,
VA) was used to create a movie sequence.
One 24-well tissue culture dish of wild-type explants was used to
observe explant outgrowth over 7 d. A camera mounted on a phase
contrast microscope was used to take pictures of all 24 explants on days
1, 2, 3, 5, and 7. The pictures were scanned into a computer using the
Photoshop 4.0 software (Adobe, San Jose, CA), and individual scans
were overlaid. The boundary of the most distal cells was marked for
each day, as was the edge of the explanted tissue.
Morphologic studies In order to obtain cross-sections of explants
including the cell outgrowth, they were grown on ACLAR ®lm (Ted
Pella, Redding, CA) for 8 d, ®xed in 2% paraformaldehyde and 0.1%
glutaraldehyde in phosphate-buffered saline for 10 min and then
incubated with X-gal staining solution (Garlick and Taichman, 1994) at
30°C for 15 min. Samples were then dehydrated and embedded in low-
Figure 1. Preparation of skin explants.
Explants were prepared by ®rst decapitating mice
and removing the limbs. (a) An incision was made
from anterior to posterior along the ventral
surface. (b) The skin was peeled away from the
body. (c) The skin was laid ¯at in a Petri dish,
dermis-side down. (d) Four millimeters punch
biopsies were removed and (e) placed into a 24-
well tissue culture dish, dermis-side down with a
minimal amount of medium. (f) The next day,
explants were submerged and cultured at 37°C,
5% CO2. The epidermis side of the skin is shaded
in these drawings.
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viscosity Spurr's resin (Ted Pella). A glass knife was used to cut 0.5 mm
sections that were counterstained with toluidine blue. In vivo skin wounds
and primary keratinocyte cultures from KT1±5m and KT1±1p mice were
®xed and stained as above, but with 1±5 h incubation at 30°C.
To observe mitotic activity, wild-type explants grown on glass
coverslips (Corning/Costar) were pulse-labeled with 50 mM BrdU
(Sigma) after 2 d in culture. Cultures were incubated with BrdU for 2 h,
washed three times with phosphate-buffered saline, and ®xed immedi-
ately. BrdU-labeled explants were double-immunostained and detected
by ¯uorescence microscopy (Wawersik and Coulombe, 2000). For
immunostaining of BrdU-labeled keratinocytes, the skin tissue moiety
was carefully removed prior to staining the outgrowth of cells. Fixation
was performed with 100% methanol for 1 min at ±20°C, then 4 min at
room temperature, after which cells were incubated in 1.5 M hydro-
chloric acid for 40 min at 37°C, prior to the blocking step. Bound
primary antibodies were revealed by suitable secondary antibodies conju-
gated to either rhodamine or ¯uorescein isothiocyanate (Kirkegaard and
Perry Laboratories, Gaithersburg, MD).
When explants were used to perform a quantitative assay, they were
washed in phosphate-buffered saline and ®xed with 3% paraformaldehyde
in phosphate-buffered saline for 15 min followed by 100% methanol for
4 min. After immunostaining with the antibody to K17, a peroxidase-
based detection kit (Kirkegaard and Perry Laboratories) was used to
visualize the area of keratinocyte outgrowth. To assess how much total
keratinocyte outgrowth had occurred over a period of 8 d, the immuno-
stained dish was scanned and the area of outgrowth was calculated with
MacBAS v2.5 software (Fuji Medical Systems USA, Stamford, CT).
RESULTS AND DISCUSSION
Keratinocyte outgrowth from skin biopsy in culture
Within 1 d of ex vivo culture, a number of keratinocytes could
be seen protruding from the explanted skin. This correlates with
reports of the ®rst cells seen migrating 16±24 h after skin wounding
in vivo (Croft and Tarin, 1970; Tarin and Croft, 1970). In order to
observe the nature of the keratinocyte movement, we made a time-
lapse movie of an explant after it had been cultured for 2 d (http://
www.hopkinsmedicine.org/CoulombeLabPage/mazzalupo.mov)
Representative frames of this movie, from various times during the
15:10 h recording period, are shown in Fig 2(a±d). Cells proximal
to the explant are smaller and can be seen dividing frequently (black
arrowheads) as con®rmed by BrdU incorporation (see below). Cells
distal to the explant (white solid outline) are much larger and more
¯attened, and mitoses are less frequent in that region. The
movement appears sheet-like (see movie) with no cells breaking
out ahead. In an enlarged view of the distal edge of a 6 d explant,
the cells appear ¯attened (Fig 2e). The ability to observe cells over
a 15 h period revealed that the cells maintain cell±cell contacts
throughout their migration. Thin sectioning and transmission
electron microscopy showed that the outgrowth is a strati®ed
epithelium (Fig 3a¢ and data not shown). The behavior observed in
these pictures and time-lapse movie frames correlates with
descriptions of wound edge keratinocytes from microscopic
studies of epidermal migration at the wound edge (Krawczyk,
1971; Folkman and Moscona, 1978; Pang et al, 1978).
In order to examine cell movement over a longer time period,
we used a 24-well plate and photographed the same 24 ®elds on
days 1, 2, 3, 5, and 7. An example in Fig 2(f) shows that the cell
front moves steadily over the course of the experiment. An average
rate of 0.23 mm per day was calculated from the compiled data.
Similar results are obtained when using either neonatal or adult
mouse skin as a source of explants (data not shown).
Characterization of the keratinocytes emerging from skin
explants Adult KT1±1p and KT1±5m transgenic mice show
Figure 2. Observing keratinocytes in an ex
vivo setting. (a±d) After culturing an explant for
2 d, time-lapse phase contrast micrographs were
taken every 5 min over a 15:10 h period in order
to prepare a movie. Frames at 00.05 h (a), 07.55 h
(b), 11.30 h (c), and 15.10 h (d) are shown with
the same individual cell outlined by a solid white
line. The black dashed line indicates the leading
edge, and the three black dots show where the
original leading edge was at 0 h. Black arrowheads
indicate daughter cells of a recent mitotic event.
Scale bar: 200 mm. (e) An enlarged view of a 6 d
explant at the leading edge shows the size and
shape of individual cells. Black dashed line
indicates the leading edge. Scale bar: 200 mm. (f)
In a separate experiment, micrographs were taken
every day or two over a 7 d period for 24
different explants. Representative results from a
single explant are shown. The 1, 2, 3, 5, and 7 d
micrographs were overlaid, and the explant edge
and leading edge were demarcated with solid and
dashed lines, respectively. Scale bar: 500 mm.
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Figure 3. Epithelial cells emerging from explants are similar to wound edge keratinocytes. (a) Top-down view of an explant from KT1±1p
transgenic mice cultured for 8 d, ®xed, and incubated with X-gal staining solution. This explant showed nuclear b-galactosidase activity (blue color) at
the edge of the tissue and in most of the keratinocytes leaving the explant. The white circles are refractive vesicles within the cytoplasm. Black arrow
indicates direction of cell movement. Scale bar: 200 mm. (a¢) Cross-section view of leading edge counter-stained with toluidine blue (purple color).
Black arrow indicates direction of cell movement. Arrowheads point to b-galactosidase positive (blue) nuclei. Scale bar: 20 mm. (b) When primary
keratinocytes were cultured from KT1±1p mice, these cells initially formed colonies and later a con¯uent sheet of cells containing some lacZ positive
cells. (c) Scrape wounding these cells did not further induce the lacZ transgene. Dashed lines mark the boundaries of the original scrape wound. Scale
bars: 200 mm. (d) In order to examine the dermal contribution in the explant assay, wild-type explants were prepared using the epidermis alone. The
dermis was removed and the epidermis was placed into this culture model. Scale bar: 200 mm. (e) The mitotic contribution to the explant assay was
analyzed through BrdU incorporation. A wild-type explant grown for 2 d was subjected to BrdU labeling for 2 h and then immunostained. For
technical reasons, the piece of skin had to be removed for microscopy, but the ®xed cells remained attached to the coverslip. A rhodamine-conjugated
secondary was used to detect K17, and a ¯uorescein isothiocyanate-conjugated secondary was used to detect BrdU. The white arrow indicates direction
of cell movement. Scale bar: 50 mm. (f, g) To verify that a known wound-healing-de®cient mouse model would behave similarly in the explant assay,
adult skin from wild-type and obese (ob/ob) mice were used. When explants from wild-type (f) and ob/ob (g) mice were immunostained, the area of
outgrowth was seen to be smaller for the ob/ob explants. The solid black line is the outline of the explant, which was originally a 4 mm diameter
punch biopsy.
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X-gal staining at the edge of skin wounds and in the migrating
epithelial tongue, but it is con®ned to the nuclei because of
the nuclear localization signal in the transgene (Takahashi and
Coulombe, 1996, 1997). When explants from KT1±1p and KT1±
5m transgenic mice were cultured, the edge of the punch biopsy and
most of the keratinocytes growing outward had b-galactosidase
activity (Fig 3a,a¢). This is in contrast with results observed for
primary keratinocytes in culture. When primary keratinocytes were
plated from the same lacZ transgenic lines, using the method of
Rouabhia et al (1993), b-galactosidase activity appeared within 6 h
(data not shown) of plating; however, the transgene was induced in
only a subset of these cells within the keratinocyte colonies (Fig 3b).
Further expression of the transgene could not be induced by scraping
the primary keratinocytes, by starving the cells and adding back
serum, or by adding phorbol esters to the media. (Fig 3c and data not
shown). The properties of these explants are thus comparable with
what is seen in adult mice harboring this reporter transgene. These
observations suggest that similar spatiotemporal cues may be
responsible for the transcriptional induction of keratin 6 gene
expression at the wound edge of adult tissue and in skin explant
culture.
Dermal cues are known to affect keratinocyte migration at the
wound edge in skin wounds (as reviewed in Bereiter-Hahn, 1986).
In order to determine whether the cues for the cell movement were
localized in the keratinocytes themselves or were received from
elsewhere, the epidermis alone was placed into culture (Fig 3d). The
cells did not grow out from the punch biopsy as a single sheet and
were smaller than the keratinocytes growing out of the full thickness
explants. Immuno¯uorescence staining of these epidermis-only cells
showed them to have a slightly different keratin protein pro®le (data
not shown). Thus, we conclude that some factor(s) in the dermis
must affect the nature and behavior of the keratinocytes emerging
from explant cultures.
The outgrowth of cells from explanted tissue could be due to cell
proliferation or to cell movement or both. Recent work demon-
strated that there are contributions from both of these processes
(Wawersik et al, 2001). A modi®ed Boyden chamber was used to
show that the cells emerging from the explant are able to migrate
through an 8 mm pore-size ®lter. Mitomycin C treatment of the
explants (depending upon the day of treatment) blocks between 52%
(day 1) and 17% (day 3) of the outgrowth. Thus, both migration and
proliferation contribute to cell outgrowth from explants (Wawersik
et al, 2001). In Fig 3(e), an explant grown for 2 d was immuno-
stained for K17 and BrdU after the explant had been treated with
BrdU for 2 h. Positive K17 immunostaining indicated that the cells
in the outgrowth were keratinocytes that exhibited intermediate
®lament networks. The cells that incorporated BrdU were proximal
to the explant, providing additional evidence that the more
frequently dividing cells are closest to the explanted tissue.
A quantitative assay The explant assay can be used to quantitate
the outgrowth of cells by calculating the area of the outgrowth and
comparing the average of these areas between different populations
of explants. Diabetic humans and ob/ob mice exhibit impaired
wound healing (Hunt, 1980; Goodson and Hunt, 1986), and the
explants from ob/ob mouse skin showed a reduced outgrowth. Skin
was obtained from four adult wild-type (+/+) and four age-
matched obese (ob/ob) mice and subjected to the explant assay
(Figs 3f, g) and quantitative analysis. The immunostained area of
the ob/ob mouse explants was smaller than the wild-type mice. We
assayed four mice from each genotype with six explants from each
mouse. The ob/ob explants had an average area of 14 6 1.2 mm2
(SEM, n = 24) compared with 24 6 2.0 mm2 (SEM, n = 24) for
the wild-type explants. Transgenic mice engineered to overexpress
keratin 16 represent another instance of delayed closure of skin
wounds in situ, and explants from these mice also exhibit a reduced
outgrowth in the explant assay (Wawersik et al, 2001). On the other
hand, accelerated outgrowth is seen in explants originating from
mice carrying a null mutation for the keratin 6 a and b genes
(Pauline Wong and P.A.C., manuscript in preparation). Thus,
this assay is quantitative and can detect alterations in the
epithelialization potential of mouse keratinocytes.
This assay emphasizes epithelial migration at the expense of the
dermal contraction and, as described, does not permit the study of
the termination phase of the epithelialization process. Its usefulness
would be limited in instances in which mouse skin does not adhere
well to tissue culture dishes. Overall, however, this assay offers
several key advantages over existing ones with regards to the assess-
ment of the epithelialization potential of mouse skin keratinocytes.
Note added in proof: Epithelial cells growing out of skin
explants were studied by microscopy several decades ago. See Stenn
(1978) and Halprin et al (1979) for details. Our ®ndings extend
these descriptive studies.
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